Osteosarcoma is a malignant bone sarcoma characterized by extensive genomic disruption and a propensity for metastatic spread. Osteoid production suggests a close relationship with normal osteoblasts, and the latter are the presumptive cell of origin of this disease. The HACE1 gene, localized to human chromosome 6q21, encodes the HACE1 HECT E3 ligase, a tumor suppressor in diverse tumors that acts in part by targeting the activated form of RAC1 GTPase for proteasomal degradation. Disruption or loss of 6q21 is relatively common in osteosarcomas, and Hace1−/−/Tp53 +/− mice frequently develop osteosarcomas, in contrast to Tp53+/− mice, which do not. This suggests an unexplored link between HACE1 loss and osteosarcoma. Here we compared HACE1 expression in normal osteoblasts and osteosarcoma cell lines in vitro by western blotting and quantitative RT-PCR, and in human osteosarcoma specimens by immunohistochemistry. Both HACE1 transcript and protein levels were reduced in osteosarcoma compared to osteoblasts in vitro. Reduced HACE1 expression in osteosarcoma tumors was observed in 76% of cases and associated with high-grade lesions. Further, clonally derived pairs of high and low metastatic osteosarcoma cell lines showed significant downregulation in the high compared to corresponding low metastatic cells. Ectopic expression of HACE1 markedly inhibited anchorage-independent growth and cell motility of HACE1 osteosarcoma cell lines, and was associated with reduced RAC1 activation and decreased reactive oxygen species (ROS). Finally, HACE1 overexpression blocked osteosarcoma xenograft growth and dramatically reduced pulmonary metastases. These findings point to a potential tumor suppressor function for HACE1 in osteosarcoma.
Introduction
Osteosarcoma is a malignant bone tumor commonly arising in areas of rapid bone growth, such as the distal femur and proximal tibia [1] [2] [3] . It represents the most common bone sarcoma, comprising approximately 20% of all bone tumors and about 5% of pediatric tumors 1 . It is predominantly a disease of adolescence and young adulthood, with 60% of patients aged under 25 years at diagnosis; however, there is a second peak of incidence in later life, with 30% of patients being over 40 years of age 4 . Several sub-types of osteosarcoma are described, which have in common the production of osteoid by malignant cells, and a propensity for metastatic spread, particularly to lungs 2, 5 . Most cases of osteosarcoma are sporadic, but certain environmental and hereditary factors have been associated with elevated risk osteosarcoma 6, 7 . The former include exposure to ionizing radiation and Paget disease, with dysregulated bone recycling, both of which wellrecognized risk factors for the development of secondary osteosarcoma 8, 9 . Hereditary conditions associated with osteosarcoma include familial retinoblastoma, Li-Fraumeni syndrome, and Rothmund-Thomson syndrome 10 . The tumor suppressor gene TP53 is the most well-characterized gene implicated in osteosarcoma 6 . Loss of p53 due to somatic mutation, or germline inactivation as in the autosomal dominant disorder Li-Fraumeni syndrome, predisposes to osteosarcoma [11] [12] [13] . TP53 is commonly inactivated in osteosarcoma either by allelic loss, point mutations, or gene rearrangements 12, 14, 15 . Up to 26.5% of non-hereditary osteosarcoma cases show somatic loss of p53 16 , and 30% of Li-Fraumeni syndrome patients develop osteosarcoma 17 . TP53 mutations are associated with unfavorable outcome 18 , and up to 60% of high-grade osteosarcomas show TP53 mutations, compared with 1% of low-grade osteosarcoma 11, 19, 20 . Another well-characterized gene implicated in osteosarcoma is RB1, localized to chromosome 13q14 and encoding the 110 kDa pRB1 protein that negatively regulates cell cycle progression 21 . Loss of RB in osteosarcoma is associated with poor patient outcome 22, 23 . Other genetic abnormalities are also associated with increased risk of osteosarcoma, such as mutations of RecQ helicases, germline RECQL4 inactivation resulting in Rothmund-Thomson syndrome 24 , BLM(RECQL3) inactivation resulting in Bloom syndrome, or WRN inactivation resulting in Werner syndrome 11, 25 . MicroRNA and copy number variation (CNV) analyses have further identified hsa-miR-27a-3p, hsa-miR-9-5p, hsa-miR-182-5p, FRS2, CORO1C, FOXP1, and CPEB4 as potentially contributing to the pathogenesis of osteosarcoma 26 . Moreover, next-generation sequencing of patients with conventional high-grade osteosarcoma identified 15 genes with variations only in the treatment non-responder patients, including ERBB4, Thrombospondin I (THBS1), DIS3, and BCLAF 27 . Whole-genome sequencing of 20 osteosarcomas and matched normal tissue showed multiple tumor-associated structural variations and copy number alterations as well as kataegis (single-nucleotide variations with localized hypermutation) 28 . Of note, p53 pathway mutations were identified in all tumor samples. Somatic alterations affecting RB1, ATRX, and DLG2 genes were detected in 29-53% of the tumors. Recently, exome sequencing of 31 osteosarcomas showed that over 80% exhibited mutational signatures characteristic of BRCA1/2 deficiency 29 , further highlighting the role of altered DNA damage repair pathways in osteosarcoma.
HACE1 (HECT domain and ankyrin-repeat-containing E3 ubiquitin-protein ligase 1) was originally cloned from chromosome 6q21 translocation breakpoints in pediatric Wilms' tumor 30 . HACE1 is a HECT family E3 ligase with an N-terminal ankyrin-repeat domain (ANK) that binds substrates for ubiquitylation, and a conserved C-terminal catalytic HECT domain that is responsible for HACE1 ligase activity 30, 31 . It was further shown that conserved Cys-876 of the HACE1 HECT domain functions to bind ubiquitin for subsequent transfer to HACE1 substrates 30 . Hace1 targets the activated form of the RAC1 GTPase for ubiquitylation and subsequent proteosomal degradation 32, 33 . By targeting RAC1 at membrane-associated RAC1-dependent NADPH oxidase complexes, HACE1 reduces ROS levels in vitro and in vivo by blocking NADPH oxidase-mediated superoxide generation 34 . Recently, it was shown that HACE1 is phosphorylated at serine 385 by PAK1 kinase, resulting in lower efficiency of RAC1 ubiquitination 35 . Further, HACE1 has been shown to play critical roles in TNFR1 signaling 36 . HACE1 is also reported to ubiquitylate the autophagy receptor Optineurin (OPTN), which in turn facilitates OPTN interactions with p62/SQSTM1 to activate autophagy to inhibit growth and tumorigenicity of lung cancer cells 37 . HACE1 also provides cytoprotective regulation of proteotoxic stress responses, such as in cardiac cells 38 . Moreover HACE1, via interactions with Rab proteins, is targeted to Golgi membranes, regulating Golgi biogenesis, Golgi traffic, and postmitotic Golgi membrane fusion 39 . HACE1 expression is reduced in many tumor types compared to corresponding normal tissues, including Wilms' tumor 30, 31 , breast carcinoma 40 , lung adenocarcinoma, angiosarcoma, and lymphoma 31 . Moreover, loss of heterozygosity at chromosome 6q21 is described in multiple cancers 31 , including ovarian carcinoma, non-Hodgkin's lymphoma, pancreatic carcinoma, prostate carcinoma, and osteosarcoma 31, 41 . Previously, we reported that Hace1−/− mice develop late onset tumors across all three germ layers, including osteosarcomas 31 . Moreover, crossing Hace1−/− mice into a Tp53+/− background led to an increased rate of osteosarcoma compared to Hace1−/− mice, while osteosarcomas were not observed in Hace1+/+/Tp53+/− mice 31 . This suggests that HACE1 loss is associated with osteosarcoma development. However, studies directly addressing the link between HACE1 and osteosarcoma are currently lacking.
Results

HACE1 expression is reduced in osteosarcoma cells compared to normal osteoblasts
To investigate potential links between HACE1 and osteosarcoma, we first analyzed publicly available databases for HACE1 mRNA expression in osteosarcoma samples (GSE33382) compared to mesenchymal stem cells (MSCs) (GSE28974). HACE1 expression was significantly lower in osteosarcoma samples compared to MSCs (Fig. 1a) . Next, to evaluate CNVs affecting chromosome 6, we analyzed publicly available data on 113 fresh-frozen osteosarcoma tissue samples from pretreated osteosarcoma biopsies (E-MTAB-4815; see Materials and methods 42 ). This identified copy number losses of the entire long arm of chromosome 6, including the HACE1 locus, in~36% of patients, further implicating HACE1 deficiency in osteosarcomagenesis (Fig. 1b) . Next we assessed HACE1 protein expression in different cell lines using HACE1 antibodies generated in our laboratory that detect full-length HACE1 or HACE1 fragments lacking either the HECT domain or ankyrin repeats, compared with a control commercially available anti-HACE1 antibody (Abcam cat# ab133637), as shown in Fig. 1c-d . HACE1 was highly expressed in previously described osteoblast cell lines (OBB and OB1 (ref. 43 )) compared to SJSA and SaOS-2 osteosarcoma cell lines (Fig. 1e) , while HEK-293 cell line served as a positive control and Ewing sarcoma SK-NEP-1 cells as a negative control for HACE1 expression, as previously reported 30, 31 . Moreover, immunofluorescence showed strong staining for HACE1 in normal osteoblasts compared to MG63 osteosarcoma cells, further supporting HACE1 downregulation in osteosarcoma cells (Fig. 1f) . Similar results were obtained by immunostaining of cell pellets for HACE1 expression (data not shown). Next, we assessed HACE1 transcript levels in two other osteoblast cell lines, OBB and hFOB 43 , and different osteosarcoma cell lines using quantitative reverse transcriptase polymerase chain reaction (RT-PCR), revealing significantly higher HACE1 expression in osteoblasts compared to osteosarcoma cell lines (p < 0.001) (Fig. 1g) . This suggests a transcriptional basis for reduced HACE1 expression in osteosarcoma compared to normal osteoblasts. Finally, we assessed HACE1 expression in previously described clonally derived pairs of high and low metastatic osteosarcoma cell lines, namely MG63.3/ MG63 and MNNG/HOS cell line pairs 44 . This revealed significantly reduced HACE1 expression in highly metastatic cells of both pairs compared to corresponding low metastatic cells, as assessed by western blotting (Fig. 2a) and immunofluorescence ( Fig. 2b ; quantified in Fig. 2c ). Together, these data reveal reduced HACE1 expression in osteosarcoma, and point to a potential role for HACE1 loss in more aggressive osteosarcoma cells.
HACE1 expression inhibits the anchorage-independent growth of osteosarcoma cells
To better understand the role of HACE1 in osteosarcomagenesis, we next assessed effects of ectopic expression of hemagluttinin (HA)-tagged wildtype (wt) HACE1 (HA-HACE1) or its ligase inactive mutant, HA-C876S 30 (see Fig. 3a ), on anchorage-independent growth of HOS cells in soft agar, compared to MSCV vector alone. Immunoblotting confirmed successful transfection of the indicated vectors (Fig. 3a) . Notably, wt HACE1 transfection led to loss of spindle-shaped morphology and acquisition of a more flattened and less refractive cell morphology (Fig. 3b) , in addition to enhanced apoptosis as shown by increased cleaved caspase-3 (Fig. 3c) . Transfected cells were then plated in soft agar and assessed for colony formation after 14 days of incubation (Fig. 3d) . HA-HACE1 expression resulted in marked inhibition of colony formation compared to that of MSCV empty vector or E3 ligase inactive HA-HACE1-C876S-transfected cells (Fig. 3d) . In addition, HOS cells transfected with wt HACE1 showed significantly reduced soft agar colony formation compared to controls ( Fig. 3e ; p < 0.01). Therefore, ectopic HACE1 expression reduces phenotypic transformation in osteosarcoma cells in vitro.
HACE1 expression inhibits osteosarcoma cell motility in vitro HACE1 loss or silencing is implicated in tumor invasion and metastasis 34, 40, 45, 46 , and so we wondered whether HACE1 might influence osteosarcoma cell motility. We first compared ectopic expression of wt HACE1 vs HACE1-C876S on the motility of SK-NEP-1 cells, as a model of cells lacking HACE1 expression 30 , using timelapse imaging of wound healing. Ectopic HA-HACE1 significantly inhibited SK-NEP-1 cell motility compared to MSCV or HA-HACE1-C876S transfected cells (Fig. 4a,  b) . Similarly, HA-HACE1 also significantly reduced HOS cell average distance of migration compared to MSCV or (see figure on previous page) Fig. 1 HACE1 expression in osteosarcoma. a Relative expression of HACE1 is significantly higher (Wilcoxon test <0.05) in mesenchymal stem cells (12 samples, GSE28974) compared to osteosarcoma tumor biopsies (84 samples, GSE33382). b Genome-wide analysis of somatic copy number alterations in osteosarcoma. The plot shows fractions of copy number loss/gain of a cohort of 113 primary osteosarcoma specimens across chromosome 6. c Diagrammatic representation of the full-length HACE1 protein structure (i) and mutants lacking the HECT domain (ΔHECT; ii) or the ankyrin repeats (ΔANK; iii) used in this study. d OST cells were transfected with the indicated vectors. Immunoblots showing successful transfection of OST cell line with the indicated vectors as detected by the generated clones of HACE1 antibodies described in the Material and methods, and compared to commercially available HACE1 antibody (Abcam, cat # ab133637). GRB2 and Ponceau staining showing equal protein load. e Immunoblot showing HACE1 protein expression in osteoblasts and osteosarcoma cell lines. HEK-293 was used as a positive control while SK-NEP-1 served as a negative control for HACE1 expression. β-Actin was used as a loading control. f Immunofluorescence analysis of HACE1 expression in MG63 osteosarcoma cell line and OB3 osteoblast cell line displaying strong nucleo-cytoplasmic staining in OB3 cells contrary to remarkably weak cytoplasmic staining in MG63. Blue: DAPI (nuclear stain); green: HACE1. Scale bars, 50 μm. g HACE1 mRNAs expression in osteoblast and osteosarcoma cell lines. The overall relative levels of HACE1 mRNAs were measured using quantitative RT-PCR in the indicated osteoblasts and osteosarcoma cell lines. PCR reactions were performed twice in quadruplicate. The data were normalized to endogenous β-actin, and presented as mean ± SD. Twotailed Student's t-test was used to analyze the data with **p-value < 0.001
HA-HACE1-C876S-expressing cells in wound-healing assays (Fig. 4c) . Moreover, serum-starved HOS cells expressing MSCV or HA-HACE1-C876S displayed marked migration towards serum, which was significantly inhibited by HA-HACE1 expression in the same cells (Fig. 4d) . In vitro invasion assays revealed significantly reduced invasive capacity of HA-HACE1 expressing HOS cells compared to controls (Fig. 4e) . Finally, growth of sarcoma cells in Matrigel three-dimensional cultures showed a clear branching phenotype of MSCV and HA-HACE1-C876S expressing cells, while there was virtually no branching of HA-HACE1-expressing cells ( Fig. 4f ; quantified in the left panel). Indeed, HA-HACE1 transfected cells survived poorly in Matrigel and formed very small, compact round colonies. Taken together, these data show that HACE1 inhibits osteosarcoma cell motility and invasion in vitro.
HACE1 reduces oxidative stress in osteosarcoma cells and inhibits RAC1 activation HACE1 targets NADPH oxidase-associated RAC1 for ubiquitylation and proteasomal degradation to limit cellular ROS generation 32, 34 . To assess if HACE1 also alters RAC1 activity and ROS production in osteosarcoma cells, we first assessed total RAC1 expression in the above MNNG/HOS high/low metastatic cell line pair transfected with vector alone or HA-HACE1. As shown in Fig. 5a , there was no difference in levels of total RAC1, or total RAC (RAC1/2/3), using a pan-RAC antibody, consistent with previous results demonstrating that HACE1 targets activated RAC1, a minor fraction of total cellular RAC1 32 . We next assessed levels of the activated form, RAC1-GTP, in the same cell line pair using G-LISA, a colorimetric-based assay. This showed significant downregulation of RAC1-GTP in HACE1-overexpressing cells, particularly in high metastatic MNNG cells (Fig. 5b) . HACE1 overexpression was also associated with reduced ROS levels, as assessed by DCFDA staining (Fig. 5c ), in cells treated with ROS-inducing agents, including 400 µM H 2 O 2 or 80 µM Piperlongamine (PIP) for 1 h (Fig. 5d, e) . Together, these support a model whereby HACE1 downregulation results in enhanced RAC1 activation and ROS accumulation, contributing to osteosarcoma progression. Full-length HACE1 but not its inactivated mutant form; C876S, inhibits cell colony formation in vitro. Colonies were counted under the phase contrast light microscope 14 days after being plated. Results were derived from two independent experiment each in triplicate, and data are presented as mean ± SD. e Full-length HACE1 but not its inactivated mutant form, HACE1-C876S, inhibits cell colony formation of HOS cells in vitro, as described in Fig. 3d. In Fig. 3d , e, Mann-Whitney U test was used to analyze the data with *p-value < 0.01. MSCV: empty vector control. Scale bars 25 μm -HACE1) , or the ligase inactive HA-C876S mutant, and the effects on cell motility were determined by assessing migration of the indicated cells towards serum. e In vitro invasion assays showing invasion of the indicated cells through Matrigel towards serum. HOS cells starved for 12 h and plated in 24-well BME-coated chambers for 24 h at 37 o . Invading cells were then detected by Calcein AM fluorescence using a standard curve. For d, e, the results of two independent experiments counted in triplicate are represented as a mean ± SD. f Left panel: The indicated cell lines were grown on Matrigel for 10 days. Three-dimensional structures were photographed by phase contrast microscopy. MSCV and HACE1 inactivated mutant form; C876S showed highly branched colonies contrary to rounded colonies observed with full-length HACE1. Right panel: quantitation of branched colonies was determined in 10 high-power fields (HPFs) and the average number was represented ± SEM. Scale bars 25 μm. Student's t-test was used to analyze the data with *p < 0.01, **p < 0.001
HACE1 expression inhibits growth and metastatic dissemination of osteosarcoma cell tumor xenografts in immunocompromised mice
To confirm the above HACE1 effects in vivo, HOS osteosarcoma cells expressing MSCV vector alone, HA-HACE1, or HA-HACE1-C876S were injected into the flanks of Nu/Nu Cd-1 male 6-week-old mice (3 mice/ group) (see Materials and methods). In vivo growth of osteoarcoma cell lines was monitored, confirming that each cell line readily formed detectable tumors at primary implantation sites (Fig. 6a) . HA-HACE1 expressing HOSderived tumors showed smaller primary implantation site tumor sizes compared to MSCV or HA-HACE1-C876S-derived tumors. Although not statistically significant due to high variability among mice, there was a notable reduction in tumor volumes generated with HA-HACE1 cell lines compared to the others, with a trend towards statistical significance (p = 0.05; Fig. 6b ). Immunoblot analysis of tumor lysates with anti-HA antibodies confirmed equal HACE1 expression in HA-HACE1 and HA-HACE1-C876S-expressing tumors (Fig. 6c) . Histological sections of implantation site tumors revealed extensive areas of necrosis in HA-HACE1 compared to MSCV or HA-HACE1-C876S-expressing tumors (Fig. 6d,  upper panels) , which was associated with enhanced caspase-3 activity as detected by immunohistochemisry (IHC) (Fig. 6d , lower panel and quantified in Fig. 6e) , consistent with its role in enhancing apoptosis 47 . Next, we assessed the ability of HOS cells to metastasize to distant organs. As shown in Fig. 6f , upper panel, quantified in Fig. 6g , upper panel, mice with MSCV and HA-HACE1-C876S-expressing HOS tumors showed marked tumor replacement in spleens from 3/3 tumor-bearing mice, while we failed to detect any tumor spread to splenic tissues of mice bearing HA-HACE1-expressing tumors. We then screened lung sections morphologically for microscopic evidence of lung metastases from the same mice. While an average of four and two metastatic lung . Cell lysates were collected and 25 μg of cell lysates were subjected to the G-LISA™ assay. Absorbance was read at 490 nm. Data were analyzed using a two-tailed Student's T-test, presented as fold change over control; MSCV expressing cells. Error bars indicate SEM for n = 3. c-e The indicated osteosarcoma cells expressing MSCV vector alone or HACE1 were treated with vehicle or 400 μM H 2 O 2 for 1 h, or with piperlongumine (PIP) 80 μM for 1 h, respectively, as indicated, and then assessed for ROS levels using CM-H2DCFDA. Data were analyzed using a two-tailed Student's T-test, presented as fold change over control MSCV-transfected cells. Error bars indicate SEM for n = 3. *p < 0.05, **p < 0.005 lesions were observed in MSCV and HA-HACE1-C876S tumor-bearing mice, respectively, we failed to detect any lung metastases in mice with HA-HACE1-expressing tumors, despite extensive morphologic investigation (Fig. 6f , lower panel quantified in Fig. 6g, lower panel) . Therefore HA-HACE1 expression completely eliminated detectable metastases of HOS cells (Fig. 6f, g ). Together, these findings provide compelling evidence that HACE1 inhibits growth as well as invasive and metastatic capacity of osteosarcoma cells in vivo.
Reduced HACE1 expression is associated with poor survival and advanced grade in osteosarcoma Finally, we examined HACE1 expression in a publicly available osteosarcoma database linked to patient outcome (GSE21257), which revealed that lower HACE1 expression levels significantly correlates with poor overall survival (p-value = 4.2e−02) (Fig. 7a) . Therefore, HACE1 may serve as a prognostic biomarker in osteosarcoma patients whereby low expression is predictive of poor overall survival. We next performed IHC to assess HACE1 expression in 25 formalin-fixed, paraffin-embedded osteosarcoma cases, selected for the presence of both malignant tissue and adjacent normal bone as an internal control. HACE1 immunoreactivity was estimated by counting the number of positive cells per 1000 tumor cells. Eleven cases (44%) were completely negative for HACE1 staining, while the remaining 14 cases showed variable degrees of HACE1 staining, ranging from positive staining in 5-90% of tumor cells, with a median value of 40%. We therefore performed statistical comparisons of clinicopathological data and HACE1 expression between the two groups (i.e. <40% vs ≥40% HACE1 staining positivity). Low HACE1 expression (i.e. <40% positivity) was observed in 76% of cases and was significantly correlated with high grade (p-value = 0.032) and reduced apoptotic counts (p-value = 0.01) ( Table 1) . Representative examples are shown in Fig. 7b , panels i-iv, in which normal bone osteoblasts demonstrated strong nucleocytoplasmic staining (i.e. +3; see Materials and methods), compared to weak (+1)-to-moderate (+2) cellular staining observed in Grade I-II osteosarcomas (Fig. 7b, panels v-viii). In contrast, grade III osteosarcomas either showed only very weak staining or were completely negative for HACE1 immunoreactivity (Fig. 7b, panels ix-xii) . Collectively, as shown in Fig. 7c , HACE1 expression was dramatically reduced in grade III compared to grade I/II osteosarcoma, further implicating HACE1 loss in osteosarcoma progression and poor outcome.
Discussion
Osteosarcoma is a genetically complex disease that most often affects children and young adults. The genomic instability observed in osteosarcoma has made efforts to better understand the underlying molecular pathology very challenging. Here we demonstrate reduced expression of the 6q21 HACE1 tumor suppressor gene in osteosarcoma. HACE1 inactivation was originally identified in Wilms' tumor 30 , but is increasingly implicated in other tumor types. In addition to Wilms' tumor, this includes breast, ovarian, and prostatic carcinomas, leukemias, sarcomas, lymphomas, and natural killer cell neoplasms 30, 31, 40, 41, 46 . For example, loss of HACE1 expression plays a critical role in mammary cell transformation and breast cancer progression 40 . In the current study, we hypothesized that HACE1 loss also contributes to osteosarcoma progression. Compared to normal osteoblasts, both HACE1 protein and transcript levels were significantly reduced in a panel of osteosarcoma cell lines, pointing to transcriptional deregulation of HACE1 in osteosarcoma. Moreover, HACE1 expression in clonally derived pairs of high/low metastatic osteosarcoma cells showed an even further reduction in high compared to low metastatic cells. Further studies are necessary to determine if HACE1 inactivation in osteosarcoma occurs through epigenetic silencing of HACE1, as we described for Wilms' tumor 30, 31 . Previous studies have implicated the 6q21 region, including the HACE1 locus, in osteosarcoma 41, 48 . Tarkannen et al. 49 examined 31 high-grade osteosarcomas and found losses affecting 6q21-q22 in 32% of specimens. Fletcher et al. 50 characterized chromosomal abnormalities in 17 high-grade osteosarcomas, and while they found many karyotypic abnormalities, they reported frequent non-random deletions involved 6q21 → qter. Using highdensity cDNA microarrays, Squire et al. 51 showed loss of 6q21 in 3/9 osteosarcoma cases. Further, Ohata et al. 52 analyzed 12 osteosarcoma cases with comparative genomic hybridization, idenfying highly frequent alterations of chromosome 6q16-23.
Osteosarcoma cells engineered to express wt HACE1 showed markedly reduced soft agar colony formation and cell motility compared to those expressing ligase dead HACE1-C876S. Moreover, wt but not ligase dead HACE1 dramatically reduced branching and invasive morphology of osteosarcoma cells in Matrigel. Therefore, HACE1 tumor suppressor activity in osteosarcoma appears to require E3 ligase activity. HACE1 overexpression inhibited primary tumor growth of osteosarcoma xenografts in vivo, with significantly increased rates of necrosis and caspase-3 activation compared to tumors expressing vector alone or HACE1-C876S in vivo. Therefore, HACE1 loss may enhance tumor survival in vivo. Most dramatically, ectopic of expression of wt HACE1 but not the ligase dead mutant led to complete loss of metastatic dissemination of osteosarcoma cells to spleen or lungs. These data highlight the in vivo tumor suppressor activity of HACE1 in osteosarcoma.
Based on publicly available databases, HACE1 expression is significantly downregulated in 76% of osteosarcomas, and this is associated with poor survival. In osteosarcoma clinical specimens, HACE1 protein expression was reduced in malignant cells compared to adjacent normal osteoblasts by IHC. Moreover, we failed to detect HACE1 expression in 11 (44%) of 25 cases analyzed by IHC. In these cases, HACE1 is likely inactivated genetically or epigenetically. However, in the remaining cases, protein expression was observed in 5-90% of cells, and reduced HACE1 expression (i.e. immunostaining in <40% of cells) significantly correlated with higher tumor grade. In these cases, clonal loss of gene expression is unlikely, and other mechanisms to reduce protein expression, such as altered HACE1 mRNA translation or increased proteasomal degradation, may explain focal loss of expression. Of interest is the altered localization of the HACE1 protein when cases were grouped according to expression levels. Those cases with high expression showed diffuse staining throughout the cell, similar to that observed in normal osteoblasts, while in those cases with low expression, HACE1 protein was localized solely to the cytoplasm and excluded from the nucleus. Although more studies are necessary to elucidate the implications of this observation, one possibility is that in cases retaining low expression, HACE1 may functioning abnormally, either due to HACE1 genetic alterations or changes in other HACE1 pathway components. Therefore HACE1 downregulation was associated with high-grade osteosarcoma, further implicating HACE1 loss in osteosarcoma progression.
HACE1 mitigates ROS generation by targeting RAC1 at RAC1-dependent NADPH oxidases to inhibit superoxide production 34 . HACE1-deficient osteosarcoma cells had elevated levels of active RAC1, which was associated with increased ROS levels. HACE1 overexpression significantly downregulated both active RAC1 and ROS levels, pointing to a potential link between HACE1 loss and ROS regulation in osteosarcoma. For example, HACE1 loss may enhance ROS accumulation, thus contributing to genomic instability and tumor evolution in osteosarcoma. Alternatively, given that ectopic HACE1 expression only moderately reduced primary xenograft growth but dramatically inhibited dissemination to lungs, HACE1 loss may preferentially benefit tumor cell fitness for metastasis as opposed to primary tumor growth, such as by inactivating HACE1-mediated apoptosis under different stresses of the metastatic cascade. In summary, these studies highlight HACE1 as a potential tumor suppressor in osteosarcoma. HACE1 inhibits growth, invasion, and metastasis of osteosarcoma cells in vitro and in vivo. Decreased HACE1 expression in osteosarcoma clinical samples is associated with highgrade sarcoma and poor survival. Therefore, HACE1 may serve as a useful prognostic biomarker in osteosarcoma. Future work investigating the potential roles of HACE1 in osteoblast development and sequencing of the HACE1 locus in osteosarcoma specimens will be necessary to obtain a better understanding of the functions of this important protein in osteosarcoma.
Materials and methods
Cell lines and culture conditions
The immortalized human fibroblast cell line (HF1) was kindly provided by Dr. Peter Lansdorp, University of British Columbia (UBC). The OBB osteoblast line was kindly provided by Dr. Marianne Sadar of UBC. The human osteoblast cell lines OB1 and OB3 were established in our laboratory as previously described 43 . Cells were grown in modified Eagle's medium (MEM; Gibco) surpplemented with 20% fetal bovine serum (FBS; Gibco) and 1% antibiotic-antimycotic (Invitrogen). Osteogenesis was induced using BMP2/BMP7 heterodimer (R & D Systems, catalog number 3229-BM), and osteoblastic phenotypes were confirmed using Alizarin Red staining, Von Kossa staining and RT-PCR for alkaline phosphatase, collagen type 1A1, bone-specific protein, and osteocalcin as previously described 43 . Osteosarcoma cell lines MNNG, HOS, MG63, and SaOS-2 were obtained from the American Type Culture Collection (ATCC CRL-1547, CRL-1543, CRL-1427, and HTB-85, respectively). OST and SJSA osteosarcoma cell lines were kindly provided by Dr. Tim Triche of Childrens Hospital Los Angeles. The MG63.3 osteosarcoma cell line was kindly provided by Dr. Chand Khanna, and previously described and characterized 53 . Osteosarcoma cell lines were grown in MEM supplemented with 10% FBS and 1% antibiotic-antimycotic. HEK-293 and SK-NEP-1 (ATCC CRL-1573, and ATCC HTB-48, respectively) were used as controls and grown in RPMI supplemented with 10% FBS and 1% antibiotic/antimycotic.
Generation of HACE1 antibodies
Mouse anti-human HACE1 monoclonal antibody was developed using full-length HACE1 protein as antigen to immunize mice. Mouse serum was then collected and screened with enzyme-linked immunosorbent assay (ELISA). Splenocytes were isolated from the mice with the best immune response and fused with myeloid cells using polyethylene glycol. Fused cells were divided into 96-well plates and cultured with hypoxanthine-aminopterin-thymidine (HAT) medium for at least 5 days. Wells with a single clone growing were identified and the culture supernatants were screened with ELISA. Positive hybridomas were expanded to 24-well plates and then into T-flasks to establish cell lines. Antibody was purified from culture supernatant of hybridoma and confirmed by western blot analysis. Three antibodies were generated, namely 8D3, 3D8, and IES.
Protein extraction, western blot analysis, and antibodies Protein extraction and western blotting were carried out using standard protocols 54, 55 . β-Actin detection using a rabbit mAb (Cat# 8457 (D7A8); Cell Signaling), GRB2 (Cat# 610111; BD Transduction Laboratories), GAPDH (Cat# 2118; Cell Signaling), or Akt (Cat# 4691; Cell Signaling) were used as loading control. Hemagglutinin (HA) epitope tag monoclonal antibody (anti-HA antibody, Cat# MMS-101P-1000 (1.0 ml), Covance (Cedarlane)) recognizing an HA-epitope tagged HACE1 protein and anti-HACE1 antibody (Cat# ab133637; Abcam), that detect different HACE1 fragments, were used at 1:1000 dilution. Western blotting for total RAC1 was conducted using an anti-RAC1 antibody (Cat# 610650; BD Biosciences), and RAC1/2/3 was assessed using an anti-pan-Rac antibody (Cat# 2465; Cell Signaling). All antibodies were used at a dilution of 1:1000 unless otherwise stated.
RNA isolation and qRT-PCR
RNA isolation was performed as previously described 56 . Quantitative RT-PCR (qRT-PCR) was performed to assess HACE1 mRNA levels. The HACE1 primer/probe set (forward: TCTTA CAGTT TGTTA CGGGC AGTT, probe: [6FAM]CAAAC CCACCATGTG GGACC CTG [TAMRA], reverse: CAATC CACTT CCACC CATGAT) was multiplexed with the VIC-MGB labeled ACTB endogenous control primer/probe kit (Applied Biosystems). Both probe/primer sets were designed to cross exon boundaries, obviating the need for DNAase treatment of the source RNA. Reactions were performed in quadruplicate, and each experiment repeated twice. The reactions were run in an ABI 7000 sequence detection system (Applied Biosystems). The relative expression level of HACE1 was determined using the 2 −ΔΔCT analysis method 57 .
HA-HACE1 transfection of osteosarcoma cells
Stable HACE1 re-expression in osteosarcoma cell lines was conducted using a retroviral system. HACE1 was tagged with haemagglutinin (HA) and transferred into an MSCV vector carrying resistance to hygromycin. The HECT domain cysteine residue, C876, critical for HACE1 E3 ligase activity 30 , was subjected to site-directed mutagenesis, converting cysteine-876 to serine (C876S) to create a non-functional control. Thus, three vectors were used, firstly a control MSCV empty vector, secondly an MSCV vector containing functional HA-HACE1 (HA-HACE1 vector), and thirdly an MSCV vector containing the putatively non-functional HA-C876S (HA-C876S vector). All vectors used in the current study were generated as previously described 38 .
Anchorage-independent growth assays
Anchorage-independent cell growth using soft agar colony assays was performed as previously described 58 . Briefly, the bottom layer was constructed using 0.4% agar in DMEM/FBS. Then, cells suspended in 0.25% agar in DMEM/FBS were plated at a concentration of 8000 cells/ well and incubated at 37°C. Single cells and colonies per high-power field were counted and results formulated as the percentage of macroscopic (>0.1 mm) colonies formed/total number of cells plated. The experiment was conducted two times in triplicate for each cell line.
Matrigel three-dimensional growth assays
Matrigel growth assays were conducted in a six-well plate as previously described 59 . In brief, a 500 µl layer of growth factor reduced Matrigel (BD Biosciences, cat# 354230) was applied to wells and allowed to solidify at 37°C, generating a bottom layer. Cells were prepared and added slowly on the top of the bottom layer in a final concentration of 20,000 cells/ml. Cultures were assessed to ensure single suspensions and to exclude clump formation. Cells were then fed with 3-4 drops of assay medium containing 2% Matrigel every 3-5 days. The cultures were examined with phase contrast microscopy every 2 days and imaged for phenotypic changes. The experiment was conducted two times in triplicate for each cell line.
In vitro invasion assays
Assays for cell invasion through the basement membrane using Culturex Coated® 24-Well BME-Coated Cell Invasion platform (Cat# 3480-024-k, Cedarlane) were carried out as previously described 60 .
Immunohistochemistry
Twenty-five formalin-fixed, paraffin-embedded osteosarcoma cases were identified and stained for HACE1 using 8D3 antibodies, at a dilution of 1:100. For IHC evaluation, the percentages (%) of cells positively staining for HACE1 as well as staining intensity were evaluated in at least 1000 tumor cells. For percentages of positive cells, staining patterns of tumor cells were divided into two categories: (1) positive (whether cytoplasmic, nuclear, or nucleo-cytoplasmic) and (2) negative (with no detectable staining). For staining intensity, we used a 4-point scale (0-3+) as previously described 61 . Tumors with <40% positive cells showed weak (+1) staining intensity or no staining at all, while tumors with ≥40% positive cells showed weak (+1)-to-moderate (+2) staining intensity. All cases were scored by PHS and AME, board-certified pathologists, in a blinded fashion.
Indirect immunofluorescence of cultured cells and immunostaining of cell pellets
For indirect immunofluorescence, cells were grown on glass slides, and then fixed with 4% formaldehyde and permeated with 0.1% Triton X-100 for 15 min. Subsequent stains and imaging for detection of HACE1 were conducted as previously described 62 . For immunostaining of cell pellets, cells were grown in regular media, and then collected, pelleted, and fixed overnight in 4% buffered formalin with subsequent dehydration in ethanol, and treated with xylene. Cell pellets were then embedded in paraffin and processed for immunostaining as previously described 62 . Image acquisition was conducted using either an Axioplan2 fluorescence microscope (Zeiss) or a Zeiss LSM 780 confocal microscope (Carl Zeiss, Thornwood, NY).
ROS measurements
Intracellular ROS was determined using the ROSsensitive probe CM-H2DCFDA (Cat# C6827; Invitrogen). HOS and MNNG cells, transfected with empty vector (MSCV) or full-length HACE1 (HA. HACE1), were seeded in 96-well microplates at a final concentration of 1 × 10 5 cells per well. Then, cells were treated with vehicle control or ROS-inducing agents, including 400 µM H 2 O 2 or 80 µM Piperlongamine (PIP) for 1 h. Cells were then incubated with 20 μM DCFDA for 30 min, at 37°C in the dark. Fluorescent DCFDA signals detected using a mircoplate reader (SpectraMax) at Ex/Em = 495/ 529 nm.
RAC1 G-LISA activation assay
The G-LISA RAC1 activation luminescence-based kit (Cat# BK126; Cytoskeleton), previously described 63 , was used to determine active (GTP bound) RAC1 levels in HOS and MNNG cells transfected with empty vector (MSCV) or full-length HACE1 (HA-HACE1), according to the manufacturer's protocol. In brief, 25 μg total of protein was added to each corresponding well pre-coated with RAC-GTP-binding protein. This was incubated at 4°C for 30 min followed by successive incubation with 50 μl of anti-RAC1 (1/50 in Antibody Dilution Buffer) for 45 min at RT. Then, secondary antibody conjugated with HRP (1/100 in Antibody Dilution Buffer) was added and incubated for 45 min. Subsequently, 50 μl of HRP detection reagent was added to each well, followed by incubation for another 20 min. The reaction was stopped by the addition of 50 μl HRP stop solution and the absorbance was recorded at 490 nm.
Mouse tumor xenograft studies
HOS osteosarcoma cell lines stably transfected with empty MSCV vector or vectors encoding HA-HACE1 or HA-C876S were grown to 80% confluence in T-75 flasks and then harvested with trypsin, washed, and suspended at 10 6 cells/ml. Nu/Nu Cd-1 male 6-week-old mice (3 mice/group) were anaesthetized with isoflurane and injected with 100 μl of cell suspension into each flank, at four sites per mouse. Three mice were used for each of the cell lines, with 12 injections per cell line. Tumors were measured in three orthogonal planes and volumes estimated assuming roughly spherical growth by the formula 0.5236 × length × width × height ((4/3) π) (length/2) (width/2) (height/2)), as described by Bogden 64 . On day 27 the mice were euthanized using a CO 2 chamber and the tumors dissected and weighed. After sacrificing the animals, the primary tumors as well as different organs were collected, and fixed in formalin. Sectioning of the tissues were performed and subsequently processed into paraffin blocks. Histological slides obtained from the paraffin blocks were stained with hematoxylin & eosin; stains were obtained for microscopic evaluation using an Axioplan2 fluorescence microscope (Zeiss). Tumor dissemination to the lung was a sure sign of metastatic spread. Immunohistochemical expression of active caspase-3 was conducted using Abcam antibody, Cat# ab2302 and images were analyzed using ImageJ software.
Statistical analysis
All statistical analyses were conducted using a Student's two-tailed T-test, unless otherwise indicated, with p-values < 0.05 being considered as being statistically significant.
Microarray data and survival data analyses
Gene expression microarray data for HACE1 expression was retrieved from the GSE28974 publicly available database for MSCs, and GSE33382 for osteosarcoma samples. Data were processed as described in Kuijjer et al. 65 , and median centered. For Kaplan Meyer survival curves, gene expression microarray data were obtained from GSE21257, and processed as described in Buddingh et al. 66 and sequentially median centered. All samples with HACE1 expression lower than or equal to the median were labeled "Low", and the remainder as "High". For chromosomal aberrations we re-analyzed publicly available Cytoscan High-Density array data on 113 primary ostoeosarcomas (E-MTAB-4815; https://www.ebi. ac.uk/arrayexpress/experiments/E-MTAB-4815/) 42 . CEL files were processed using the rawcopy R package 67 , and copy number loss/gain thresholds were set as first and third quartiles of the whole-genome segment mean distribution.
